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openaccess@tue.nl providing details and we will investigate your claim. The first direct observation of the velocity distribution of the metastable Ar ϩ *͑ 2 G 9/2 ͒ ions in the presheath of an inductively coupled plasma has been achieved by using the Doppler shifted laser induced fluorescence technique. Drift of the ions along the electric field in the presheath is observed and distribution functions of the velocity in both parallel and perpendicular directions, relative to the E field, are deduced at 5 and 40 mTorr. Present results show that in high density plasmas the velocity distribution of the metastable ions is directly related to that of the ground state argon ions. Neutral gas temperature of around 600 K is also measured from the absorption profile of a diode laser beam, set on one of the 772.4 nm argon lines. © 1997 American Institute of Physics.
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The need for rapid and large area wafer processing in the semiconductor industry has increased the interest in high density plasma sources and particularly in the inductively coupled plasma ͑ICP͒ reactors. 1 To fully exploit the possibilities in these reactors, of independent control of plasma generation and wafer biasing, we need to understand how ions are formed and how they gain energy before impinging on the wafer surface. Typically, the ICP is operated at pressure range 1-100 mTorr and powers of 200-2000 W, generating plasma with electron densities of 10 11 -10 12 cm
Ϫ3
and T e 's of a few eV. Under these conditions, the sheath is collisionless and the dispersion of the velocity of ions when they hit the wafer surface is directly related to that present in the presheath-sheath boundary. Therefore, the knowledge of the ion velocity distribution function ͑ivdf͒ inside the presheath can give an insight into the transport of the ions from the plasma to the boundary surfaces. In general, the dimension of the presheath and the potential drop across it depend on the mean free path for ion-neutral collisions or electron-neutral ionization, and on the electron temperature. A review article by Riemann 2 provides a detailed kinetic treatment of the presheath. Recent simulations of ICP also give the evolution of the different plasma parameters inside the presheath. 3, 4 Experimentally, the parallel and transverse ͑to the B-field direction͒ ivdf have been measured downstream of an electron cyclotron resonance ͑ECR͒ argon plasma by using the Doppler-shifted laser induced fluorescence ͑DSLIF͒ technique. 5 A Langmuir probe has also been used for the electrical diagnostics of the presheath in ECR 6 and ICP. [7] [8] [9] In this letter we report the direct measurement, by DSLIF, of the velocity distribution function of the argon ions in an ICP device. Both ivdf parallel and perpendicular to a glass plate limiting the plasma volume have been determined. We also measured the neutral gas temperature from the Doppler width of an absorption line of the argon metastable atoms. Figure 1 shows a schematic diagram of the plasma reactor. The three turn, ϭ10 cm, inductive coil is located below a 12-mm-thick quartz window and is powered at 13.56 MHz with a 2 kW rf generator through an L-type capacitive matching network. The value of rf power quoted in this work is that applied to the matching network and includes both power dissipated in the plasma as well as the external components. We applied the same current through the inductive coil with and without plasma and measured the difference in applied power. In this way we can determine the losses in the matching network and other components and estimate the actual power dissipated in the plasma. 7 At 400 W applied power, 40% ͑160 W͒ is absorbed in the plasma at 40 mTorr and 32% ͑128 W͒ at 5 mTorr. The ϭ15 cm Pyrex bucket which contains the plasma is located inside a ϭ26. 5 Inside the reactor, the laser beam propagates along the reactor axis to observe f (v ʈ ), the ivdf parallel to the mean drift velocity of the ions toward the top glass plate, or along the diagonal to observe f (v Ќ ), the ivdf parallel to the glass plate. The laserinduced fluorescence ͑LIF͒ signal, at 460.96 nm, is collected, at right angle to the laser directions, by a 10 cm focal length lens, located 20 cm from the reactor axis and is 1 to 1 imaged into a ϭ1 mm optical fiber bundle. Space resolution is therefore Ϯ0.5 mm in both axial and radial directions. The slit-shaped other end of the fiber is set in front of the entrance slit of a 60 cm Jobin Yvon HRS2 monochromator equipped with an R1617 Hamamatsu photomultiplier tube ͑PMT͒. To discriminate against the strong emission signal, the laser beam is modulated at 300 Hz, before entering the reactor, and the LIF signal is detected by using a lock-in amplifier. By tuning laser frequency and recording the LIF signal, we obtain the ivdf profile. For gas temperature measurements, we use a single mode diode laser, tuned on either 772.376 or 772.421 nm argon lines which can be absorbed by 3 P 2 or 3 P 0 metastable atoms, respectively. 10 Before crossing the ICP reactor along a diagonal, the laser beam is attenuated to around 10 W/cm Ϫ2 , to avoid saturation and optical pumping.
11 By tuning the diode laser frequency and recording the transmitted signal, we obtain the absorption profile of the line. The gas temperature is deduced from the Doppler width of the profile, which is a Gaussian for both lines. This supposes that due to the high efficiency of the elastic and metastability-exchange collisions, the metastable and ground state argon atoms have the same temperature.
The measured gas temperature, T g , increases with the applied rf power. For our 400 W working power, we find that T g increases slightly from 610 K, at 5 mTorr, to 650 K at 40 mTorr. The uncertainty of T g is around 5%. T g does not depend on the position of the laser beam relative to the top glass plate and is homogeneous within the plasma volume. Considering a pressure equilibrium between the vacuum vessel, where the capacitance manometer is located, and the ICP volume, T g fixes the gas density inside the plasma.
Representative f (v ʈ ) distributions of argon metastable ions are shown in Fig. 2 for pϭ5 and 40 mTorr at different distances, d, from the top glass plate. Also shown is the f (v Ќ ) at 5 mTorr and dϭ12 mm. Both velocity ͑bottom͒ and kinetic energy ͑top͒ scales are given. We observe that f (v Ќ ) profile is symmetrical regarding the zero velocity and has almost a Gaussian shape. On the contrary, for both pressures f (v ʈ ) profiles cannot be fitted with a Gaussian. We also observe that f (v ʈ ) shifts to higher velocity when approaching the glass plate. Let us express, as usual, 12 the random velocity partition in terms of temperatures and the mean drift energy where M is the mass of the argon ion and kT Ќ ,kT ʈ , and E ʈ are expressed in eV. Figure 3 summarizes the evolution of these quantities as a function of the distance from the glass plate. The almost exponential increase of E ʈ when approaching the glass plate results from the acceleration of the ions by the electric field of the presheath. It is important to remember that E ʈ corresponds to the mean drift energy of the ions in metastable state Ar ϩ *( 2 G 9/2 ), which represents less than 1% of the total argon ion density. 13 To see how these data are representative of the ground state ions, it is necessary to consider mechanisms by which Ar ϩ *( 2 G 9/2 ) ions are produced and destroyed. Given the large cross-section, ϭ1.1 10 Ϫ16 cm 2 , for quenching of the Ar ϩ *( 2 G 9/2 ) metastable ions by argon atoms, 14, 15 the mean free path of these ions will be 12 and 1.5 mm at 5 and 40 mTorr, respectively. We therefore can conclude that, particularly at 40 mTorr, the Ar ϩ *( 2 G 9/2 ) metastable ions we detect by DSLIF are not those formed outside the presheath and accelerated within it, but are produced by electron impact, a few mm before their respective observation points. If the main mechanism for population of the Ar ϩ *( 2 G 9/2 ) metastable state was direct ionization of the neutral atoms, we should observe a large zero velocity component in all ivdfs and particularly those recorded close to the glass plate. All ivdfs shown in Fig. 2 are free from this component. It is obvious that in our high electron density conditions, the Ar ϩ *( 2 G 9/2 ) level is mainly populated by electron impact excitation of ground state argon ions. In fact, these ions have already gained kinetic energy by being accelerated by the ambipolar E field of the presheath and their velocity is totally conserved during electron impact excitation of the ion. This is a very important conclusion. It points out that the velocity distribution of the Ar ϩ *( 2 G 9/2 ) metastable ions, detected by DSLIF, is representative of the velocity distribution of the ground state argon ions. This conclusion is in fact only correct for the high density plasmas with ionization degrees of a few percent. In high pressure plasmas, where usually the Ar ϩ /Ar density ratio is smaller than 10 Ϫ5 , excitation from the ground state atoms becomes dominant.
As shown in Fig. 3͑b͒ , T ʈ increases when approaching the glass plate boundary. We think that this enhancement mainly results from a spatial distribution of the ionization within the presheath. In fact, given the cross section for inelastic collisions of electrons (Х3ϫ10 Ϫ16 cm 2 ) their mean free path is much larger than l. Therefore, T e is almost constant inside the plasma volume but the electron density inside the presheath should decay according to nϭn 0 exp (Ϫ/kT e ). Argon ions are then produced all along the presheath with zero E ʈ and have different energy gain at observation points close to the plate. We should point out that for small d, as seen from Fig. 2 , the observed kinetic energy dispersion in the lab frame is much larger than T ʈ , which is representative of the energy dispersion in the ion frame. The very large value of T ʈ for dϭ0.5 mm, pϭ5 mTorr, and the high energy tail observed in Fig. 2 in the ivdf for these conditions, is due to the fact that given the 0.5 mm space resolution in these experiments, some part of the LIF signal comes from Ar ϩ *( 2 G 9/2 ) ions inside the sheath. These ions have been accelerated inside the sheath and have gained velocities larger than the Bohm velocity.
We also observe ͓Fig. 3͑a͔͒ that T Ќ increases with pressure and when approaching the glass boundary. Nevertheless, it is always smaller than T ʈ . This behavior of T Ќ is a consequence of the elastic and charge exchange collisions of the Ar ϩ ions with Ar neutrals. Even though these collisions are preferentially forward scattering, 16 some part of the kinetic energy gained by the ions drifting along the E field in the presheath is transferred to their transverse motion. The amount of this transferred energy depends in fact on both E ʈ and gas pressure.
In conclusion, we showed that in high density plasmas the velocity distribution function of the metastable argon ions Ar ϩ *( 2 G 9/2 )is representative of the velocity of the ground state ions. We also measured both parallel and perpendicular ivdfs of these ions.
